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纳米结构 TiO2 薄膜作为一种新型的纳米 TiO2 材料在能源、环境和材料科学
















1. 首次应用电化学阳极氧化法，以金属 Ti 为基底，在室温下以 NH4F 水溶液为
电解液成功地制备出具有纯锐钛矿相的 TiO2 薄膜，该薄膜具有独特的花状微
纳米结构。当电解质 NH4F 浓度在 0.01-1.0 mol/L，阳极氧化电压在 20-90 V
时，均能制备出花状微纳米结构的 TiO2 薄膜。实验结果表明，由于制备过程
















降解 RhB 的结果表明，花状锐钛矿 TiO2 薄膜具有高的可见光催化活性。 
2. 应用电化学阳极氧化法，室温下以不含 NH4+、NO3−离子的 NaF 水溶液为电
解液在 50 V 电压下成功地合成了具有花状微纳米结构的锐钛矿 TiO2 薄膜。
该薄膜较 NH4F 水溶液体系中合成的花状 TiO2 薄膜与基底间有更好的结合
力。 
3. 发展了窄禁带半导体和 TiO2 半导体的耦合技术。采用电化学沉积方法，以
TiO2 纳米管阵列膜为工作电极，分别在 100 °C 和 160 °C 的环境温度下在含
CdCl2 和饱和 S 或 Se 的二甲亚砜(DMSO)电沉积液中制备出具有高可见光活
性的 CdS-TiO2 和 CdSe-TiO2 复合半导体薄膜。实验结果表明，由于 CdS 和
CdSe 纳米颗粒的耦合，使 TiO2 纳米管阵列膜在紫外和可见光区均具有优良
的光电化学特性。光电流谱的测试结果表明，CdS-TiO2 复合半导体薄膜的光
响应波长 大可扩展到 480 nm, 其光电流强度较 TiO2 纳米管阵列膜提高了
5 倍。CdSe-TiO2 复合半导体薄膜光电流强度较 TiO2 纳米管阵列膜提高了 4
倍。分别以 MO 和 RhB 为目标污染物，研究了 CdS-TiO2 复合半导体薄膜的
光催化性能。结果表明，该复合半导体薄膜具有高的可见光催化活性，对目
标污染物 MO 和 RhB 的光催化降解速率分别较纯 TiO2纳米管阵列膜提高了
2.8 和 3.6 倍。 
4. 发展了超声电化学沉积技术，以含 CdCl2 和饱和 S 的 DMSO 为电沉积液，在
50 °C 下成功地将 CdS 纳米颗粒装入 TiO2 纳米管内。超声技术的应用，大大
地降低了 CdS 电沉积的环境温度，同时使 CdS 纳米颗粒尺寸更小且在 TiO2
纳米管中的分布更均匀。光电性能测试结果表明，超声电沉积制备的
CdS-TiO2 复合半导体薄膜较普通电沉积制备的薄膜具有更优异的光电性能，
其光电流较 TiO2 纳米管阵列膜的光电流提高了 9 倍，该复合薄膜的 大光电


















Investigation of Fabrication, Modification, Characterization, 
Photoelectrochemical Performance and Photocatalytic Activity 
of Nanostructured TiO2 Films  
Abstract 
Nanostructured TiO2 films, as a novel nano-material, have exhibited attractive 
applications for energy, environment, material science and so forth. However, TiO2 is 
a high band gap semiconductor (Eg = 3.2 eV, anatase), the low utilization of sunlight, 
the fast recombination rate of photogenerated electron-hole pairs in the bulk TiO2 and 
the low efficiency of photoelectric conversion severely hinder the industrialized 
applications of TiO2 photocatalysts. In recent decades, many attempts have been made 
to increase the photocatalytic activity of TiO2 and utilization of sunlight. 
In the present work, we mainly focus our attension on developing 
electrochemical anodic oxidation technique to directly fabricate special morphology 
structured TiO2 thin films and modify them with some techniques in order to extend 
the photo response range, efficiently restrain the recombination of electron-hole pairs 
and improve their photoelectric conversion efficiency. On the one hand, 
electrochemical anodic oxidation technique is employed to directly fabricate 
self-organized flower-like anatase TiO2 films and highly ordered TiO2 nanotube array 
films. On the other hand, the prepared films are modified through an electrochemical 
and electrochemical deposition technique to extend the photo response range of TiO2 
films and improve the separation rate of photo-generated electron-hole pairs. The 
SEM, TEM, XPS, XRD, Raman spectroscopy and UV-vis absorption spectroscopy are 
performed to characterize the morphology, composition, crystalline phase, 
photo-absorption ability and photoelectrochemical property of TiO2 films. The 
photoelectrochemical performance is examined by the photocurrent spectroscopy. The 















degradation of methyl orange (MO) and Rhodamine B (RhB). The main progress and 
results of this work are outlined as following: 
1. For the first time, the self-organized flower-like structured TiO2 anatase films 
comprised of multilayer nanoflakes on Ti substrate are successfully synthesized by 
a direct electrochemical anodization technique at room temperature. When the 
concentration of NH4F is between 0.01-1.0 mol/L and the voltage is between 
20-90 V, this kind of TiO2 films can be prepared. Additionally, due to the doping 
of N and F in NH4F electrolyte during anodization, the as-prepared flower-like 
anatase TiO2 films show a significant visible light response, and the red-shift of 
the absorption edge is markedly observed (to 520 nm). The results of the 
photocatalytic degradation of RhB demonstrate that the flower-like anatase TiO2 
films exhibit a remarkable visible light photocatalytic activity. 
2. The flower-like hierarchical structured anatase TiO2 films in NaF electrolyte 
without NH4+, NO3- ions is successfully synthesized by the electrochemical anodic 
oxidation at room temperature. The flower-like anatase TiO2 films prepared in 
NaF aqueous solution display better binding force with Ti substrate than that 
prepared in NH4F solution.  
3. A technique of coupling semiconductors with narrow energy gap with TiO2 
nanotube array film has been developed. CdS-TiO2 and CdSe-TiO2 composite 
semiconductor films with enhanced visible light activity are synthesized by the 
electrochemical deposition method in dimethyl sulfoxide (DMSO) solution 
contained CdCl2 and saturated elemental sulfur/selenium at 100 °C and 160 °C, 
respectively. The electrochemical deposition method is employed to synthesize. 
The results show that the nanocomposite semiconductor films exhibit outstanding 
photoelectrochemical property in both the ultraviolet and visible light regions 
because of the couple of CdS and CdSe nanoparticles. The results of the 
photocurrent measurement show that the photo response CdS-TiO2 composite 
semiconductor films are extended to 480 nm, and a 5-fold enhancement in 
photocurrent of CdS-TiO2 composite films than that of TiO2 nanotube arrays is 















than that of TiO2 nanotube arrays is observed. MO and RhB are chosen as the 
model pollutants to investigate the photocatalytic property of CdS-TiO2 composite 
semiconductor films. Compared with pure TiO2 nanotube array films, under a 
visible light irradiation, CdS-TiO2 composite films exhibit a 3.6-time 
enhancement of photocatalytic activity for RhB and 2.8-fold for MO.  
4. The sonoelectrochemical deposition technique has been further developed to 
incorporate CdS nanoparticles into the TiO2 nanotube in DMSO solution with 
CdCl2 and saturated elemental sulfur even at 50 °C. The environment temperature 
of synthesis CdS is greatly decreased by using single-step sonoelectrodeposition 
method. In comparison with blank electrodeposite, the size of CdS nanoparticles 
sonoelectrodeposited is smaller and the distribution in TiO2 nanotubes is more 
uniform. The results of the photoelectrochemical measurement show that 
CdS-TiO2 composite semiconductor films prepared by sonoelectrodeposition has 
better photoelectrochemical property than CdS-TiO2 composite semiconductor 
films prepared by blank electrodeposition. Moreover, compared with pure TiO2 
nanotube array films, a more than 9-fold enhancement in photocurrent is observed. 
Maximum incident photon to charge carrier efficiency (IPCE) values of 99.95% 
and 9.85% are observed respectively for CdS-TiO2 composite semiconductor 
films and pure TiO2 nanotube array films. 
 
Keywords: Flower-like TiO2; TiO2 Nanotube Array Films; Anatase; CdS; 
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